HTMA-DS , cannot form stable catanionic vesicle in aqueous phase. Adding a double-chained cationic surfactant, dialkyldimethylammonium bromide DXDAB , into the HTMA-DS catanionic vesicles could adjust the molecular packing in the vesicular bilayers and assist the formation of stable catanionic vesicles with positive charge character 20, 22, 23 . The effects of DXDAB alkyl chain length on the physical properties of the HTMA-DS catanionic vesicles have been also investigated 20 , and it was suggested that a good match in hydrophobic chains and strong molecular interaction between HTMA-DS and DXDAB are important for the formation of stable vesicles. In addition, the addition of a proper amount of cholesterol has been applied in the fabrication of catanionic vesicles composed of HTMA-DS and ditetradecyldimethylammonium bromide DTDAB in order to enhance the vesicle stability 17, 21, 24 . It has been suggested that cholesterol can adjust the molecular packing of the vesicular bilayers and thus enhance the charge character and physical stability of the catanionic vesicles 21, 25, 26 .
Because the match in hydrophobic chains of the vesicleforming molecules is important for the formation of stable vesicles, cholesterol may have different effects on the physical properties of catanionic vesicles consisting of vesicle-forming molecules with different chain lengths. In this study, the positively charged catanionic vesicles composed of HTMA-DS and DXDAB in the presence or absence of cholesterol were fabricated by a mechanical disruption approach. The DXDABs with 14-, 16-, and 18-carbon alkyl chains were adopted to explore the effects of DXDAB chain length on the physical stability of the vesicles in the presence of cholesterol. The vesicle size and zeta potential were measured to evaluate the physical stability and charge character of the vesicles. Fourier transform infrared FTIR spectroscopy was used to provide information on molecular packing characteristics of the catanionic vesicles. Effects of cholesterol and DXDAB chain length on the vesicular bilayer characteristics and vesicle stability are then discussed.
MATERIALS AND METHODS
Sodium dodecylsulfate SDS purity 99 , hexadecyltrimethylammonium bromide HTMAB purity 99 , and cholesterol purity 99 were purchased from Sigma, USA. Double-chained cationic surfactants, ditetradecyldimethylammonium bromide DTDAB purity 98 , dihexadecyldimethylammonium bromide DHDAB purity 98
, and dioctadecyldimethylammonium bromide DODAB purity 98 , were obtained from TCI, Japan. Chloroform of HPLC analytical grade was supplied by Mallinckrodt Baker, Inc., USA. All chemicals were used without further purification. Detailed information on the preparation of the ion pair amphiphile IPA , hexadecyltrimethylammonium-dodecylsulfate HTMA-DS , from HTMAB and SDS aqueous solutions has been reported in previous studies 20, 27, 28 and the produced counterion-free IPA HTMA-DS powder has been proven to be composed of cationic and anionic surfactant moieties with an equimolar ratio 27, 28 . Pure water, obtained from a Milli-Q plus purification system Millipore, USA , with a resistivity of 18.2 MΩ-cm was used in all experiments. A mechanical disruption approach was adopted to fabricate catanionic vesicles 20 . Required amounts of IPA, DXDAB, and cholesterol were placed in a rounded-bottom vessel thickness of 0.25 cm, diameter of 3.5 cm, and height of 10.5 cm and dissolved in chloroform. This solution was then dried to form thin films on surfaces of glass beads in the vessel by dry air blowing. After completely removing chloroform, the thin films were hydrated with 60-mL pure water to form a 4-mM vesicle dispersion through a sonication process. This sonication process was performed by using an ultrasonic dispersion device model VCX-750, Sonic and Materials, Inc., USA . For the sonication process, the amplitude was set at 20 and the energy of sonication was set to be 25000 joules with the dispersion temperature being controlled at 70 by water circulation. The formation of catanionic vesicles was confirmed by transmission electron microscopy H-7500, Hitachi, Japan and fluorescence depolarization analysis, as mentioned in a previous study 20 .
The size and zeta potential of the catanionic vesicles were determined by using a commercial analyzer with a 10-mW He-Ne laser source λ 632.8 nm model Nano ZS, Malvern, UK . The analyzer measures the vesicle size and zeta potential with dynamic light scattering and electrophoresis techniques, respectively. The wavenumbers of the antisymmetric methylene stretching vibration ν a -CH 2 at 2920 cm 1 for the vesicular bilayers were found by a FTIR spectrometer model Spectrum GX, Perkin Elmer with a liquid-nitrogen-cooled mercury cadmium telluride MCT detector. The detailed information on the measurements has been mentioned in a previous study 20 .
RESULTS AND DISCUSSION
3.1 Physicochemical characteristics of catanionic vesicles 3.1.1 Zeta potentials The initial average sizes, zeta potentials, and lifetimes of the catanionic vesicles composed of HTMA-DS/DXDAB with various mole fractions of cholesterol, X Chol , are listed in Tables 1 and 2 . The data showed that a high mole fraction of DXDAB or cholesterol was favorable for the formation of positively charged catanionic vesicles with high physical stability. It is noted that the data for the cholesterol-free systems are slightly different from those reported in a previous study 20 probably due to the different type of the ultrasonic dispersion device adopted in this study. However, the trends for effects of DXDAB content and DXDAB chain length in the cholesterol-free systems are consistent with the findings in the previous study 20 .
When cholesterol was added into the mixed HTMA-DS/ DXDAB catanionic vesicles, the zeta potential and physical stability of the vesicles were generally enhanced Tables 1 and 2 . Cholesterol-enhanced charge character of vesicles has been reported in several phospholipid bilayer studies 29 31 .
The effect has been ascribed to the spacing effect of the cholesterol. That is, the inclusion of cholesterol would increase the distance between the molecular headgroups and thus reduce the electrostatic repulsion between the charged headgroups. The tendency of the counterion binding onto the vesicle surfaces would be decreased, resulting in an increment of the zeta potential 29, 30, 32 . As a result, the presence of cholesterol in the HTMA-DS/ DXDAB vesicular structures increased the electrostatic repulsion between the vesicles and thus facilitated the formation of stable vesicles. Figure 1 shows the zeta potentials of the mixed HTMA-DS/DXDAB/cholesterol vesicles with X Chol 0.3 and 0.43 at different mixing ratios of HTMA-DS/DXDAB. It was found that the zeta potentials of the catanionic vesicles at X Chol 0.43 were increased with increased DXDAB content, while those at X Chol ≤ 0.3 were not significantly changed That is, with a higher DXDAB content, more Br would be associated with the vesicle surface in order to reduce the electrostatic repulsion between the molecules in the vesicular bilayers. However, at a high cholesterol content e.g., at X Chol 0.43 , most of the molecular headgroups in the vesicular bilayers were separated by the cholesterol molecules and the binding tendency of the counterions at the vesicle surfaces was expected to be lowered. Therefore when the content of DXDAB was increased at a high cholesterol content e.g. X Chol 0.43 , more positively charged headgroups were expected to be exposed on the vesicle surfaces, resulting in an increment of the zeta potential. Furthermore, it is noteworthy that the zeta potentials of the vesicles with X Chol 0.3 and 0.43 were enhanced with increasing the DXDAB chain length at the same mixing ratio of HTMA-DS/DXDAB. This indicates that the alkyl chain length of vesicle-forming molecules may affect the counterion binding onto the vesicle surfaces. In a previous molecular dynamics simulation of HTMA-DS bilayer with cholesterol 25 , cholesterol was found to locate inside the bilayer due to the strong hydrophobic interaction and comparatively weak ionic-dipole interaction between headgroup of ionic surfactant and hydroxide group of cholesterol in comparison with ionic-ionic interaction between * The data were taken from ref. 32) .
headgroups of the ionic surfactants. In addition, at high cholesterol contents, the hydrogen bond between the headgroup of cholesterol and DS moiety was reported to attract DS moiety toward the hydrophobic region of the bilayer, leading to the protrusion of the headgroup of cationic surfactant moiety HTMA . Therefore in this study of the HTMA-DS/DXDAB vesicles with cholesterol, cholesterol was expected to locate toward the middle of the bilayers, while the headgroups of cationic surfactant moieties HTMA and DXDA protruded from the bilayers. Thus at high cholesterol contents, the increased distance between the charged headgroups by cholesterol would be more pronounced with increasing the hydrocarbon chain length of DXDAB, resulting in an increase in the zeta potential of the vesicles Scheme 1 .
Molecular packing
To investigate the molecular packing characteristics of the catanionic vesicles, FTIR spectroscopy was adopted to provide information on the conformational order of molecular hydrocarbon chains in the vesicular bilayers. For the mixed HTMA-DS/DXDAB vesicular bilayers containing cholesterol, the wavenumbers of the antisymmetric methylene stretching vibration ν a -CH 2 at 2920 cm 1 are shown in Fig. 2 and Table S1 . One can find that the wavenumber of ν a -CH 2 for the HTMA-DS/DXDAB vesicles with different mixing ratios was increased with increasing X Chol , except for the vesicles composed of an equal mixing ratio of HTMA-DS/DTDAB at X Chol 0.1. A higher wavenumber of the band near 2920 cm 1 is associated with a higher fraction of gauche conformation 33, 34 . The results thus suggested that the presence of cholesterol generally increased the gauche fraction and decreased the conformational order of the molecular hydrocarbon chains in the vesicular bilayers. The effect of cholesterol on the chain ordering of the molecules in a vesicular bilayer is dependent on the phase transition temperature of the bilayer 35 39 . The phase transition temperatures of the HTMA-DS/DXDAB vesicular bilayers have been evaluated by the light scattering technique 40 and are listed in Table S2 . It is noted that phase transition temperatures of the vesicular bilayers of HTMA-DS/DXDAB at a mixing ratio of 5/5 are higher than room temperature 24 , implying that the vesicular bilayers are in a gel state at room temperature. Therefore, at room temperature, the presence of cholesterol in the HTMA-DS/DXDAB vesicular bilayers would be expected to induce the conformational disorder of the molecular hydrocarbon chains 35 . In addition, at high cholesterol contents, the phase transition behavior could not be clearly detected * The data were taken from ref. 32) .
for the HTMA-DS/DXDAB vesicular bilayers. This may imply that the bilayer structure was changed to a liquid ordered state, which is generally happened in lipid and IPA bilayers with high cholesterol contents 31, 39 .
The disordering effect of cholesterol on bilayers of the catanionic vesicles has been ascribed to the fact that the added cholesterol in the rigid bilayers would increase the space between the molecular headgroups and create a void near the bilayer centers, decreasing the conformational order in the front and end segments of the hydrocarbon chains 25 . Although the sterol ring of cholesterol hindered the neighboring hydrocarbon chains in motion, cholesterolinduced conformational disorder in the front and end segments of the hydrocarbon chains overwhelmed the ordering effect of the sterol ring of cholesterol, resulting in an apparent conformational disorder of the molecular hydrocarbon chains 25, 41 .
One can find from Fig. 2 that the wavenumbers of ν a -CH 2 for the HTMA-DS/DTDAB mixing ratio 5/5 vesicles showed a non-monotonic dependence on X Chol . This observation is different from that for other vesicle systems. Upon the incorporation of 10 mol cholesterol in the mixed HTMA-DS/DTDAB vesicle, ν a -CH 2 wavenumber was lower than that of the vesicles with the addition of cholesterol, indicating more ordered hydrocarbon chains, or rigid bilayer structures. This was ascribed to the more pronounced ordering effect of the sterol ring of cholesterol than the disordering effect of cholesterol at low X Chol 32 .
However, in the mixed HTMA-DS/DHDAB and HTMA-DS/ DODAB vesicular bilayers containing 10 mol cholesterol, DHDAB and DODAB with comparatively long hydrocarbon chains possessed more unhindered portion of the hydrocarbon chains, contributing to a more pronounced conformational disordered region. This led to a more conformational disorder of the molecules within the vesicular bilayers than within the cholesterol-free vesicular bilayers. Furthermore, at low cholesterol contents, ν a -CH 2 wavenumbers of HTMA-DS/DHDAB mixing ratio 5/5 vesicle systems were lower than those of HTMA-DS/DTDAB and HTMA-DS/DODAB vesicle systems Fig. 2 . DHDAB with the same chain length as HTMA could well contact with HTMA-DS in the vesicular bilayers, leading to a well packing of the hydrocarbon chains. Hence HTMA-DS/ DHDAB vesicular bilayers with low cholesterol contents possessed a more ordered structure than the vesicular bilayers of other systems. As a result, the hydrocarbon chain length of DXDAB could be considered as a factor to rule over the molecular packing behavior within the vesicular bilayers.
Stabilization mechanisms for catanionic vesicles con-
taining cholesterol Upon the inclusion of cholesterol in the mixed HTMA-DS/DXDAB vesicles or with increasing the DXDAB content in the presence of a proper amount of cholesterol, the zeta potentials of the vesicles were increased and the physical stability of the vesicles was improved Tables 1 and 2 . This was ascribed to the spacing effect of cholesterol, lowering the tendency of counterion binding onto the vesicle surface.
In addition to the spacing effect of cholesterol, the hydrocarbon chain length of DXDAB also played an important role in the molecular packing of the vesicles. The stabilization mechanisms for the HTMA-DS/DXDAB catanionic vesicles containing cholesterol were probably different for the vesicles with different chain lengths of DXDAB. To provide information of the vesicle physical stability, the time-dependent size distributions of the mixed HTMA-DS/DHDAB mixing ratio 5/5 and HTMA-DS/DODAB mixing ratio 5/5 vesicles with various mole fractions of cholesterol are plotted in Figs. 3 and S1, respectively. For the mixed HTMA-DS/DTDAB vesicle system, the stability enhance- ment mechanism of cholesterol on the vesicles has been discussed in a previous study 32 . At low cholesterol contents X Chol ≤ 0.3 , the presence of cholesterol could enhance the mechanical strength of the HTMA-DS/DTDAB vesicular bilayers and thus slightly improve the physical stability of the vesicles. However, at a high cholesterol content X Chol 0.3 , the addition of cholesterol significantly increased the zeta potential of the vesicles, facilitating the formation of stable vesicles. For the mixed HTMA-DS/DODAB vesicle system Fig. 3 , two size distributions with mean sizes being approximately 10 nm and 80 nm, respectively, were observed in the cholesterol-free system. The small aggregates of 10 nm in the dispersions may be the micelle of HTMAB or the bilayer fragments due to defects formed within the rigid vesicular bilayers 20 . However, small aggregates of around 10 nm were not observed in the HTMA-DS/DTDAB and HTMA-DS/DHDAB systems. In addition, DODAB with a comparatively long hydrocarbon chain would contribute to strong hydrophobic interaction between the neighboring molecules, which may inhibit the HTMA dissociation in the aqueous phase. Therefore the small aggregates were suggested to be bilayer fragments rather than HTMAB micelles. With incorporating the cholesterol up to 30 mol , the bilayer fragments were not detected in the vesicle dispersions Fig. 3 , and the physical stability of the vesicles was obviously improved Tables 1 and 2 . Although the addition of cholesterol was likely to increase the number of defects within the vesicular bilayers, the vesicular bilayers would become flexible due to a decrease in the conformational order of the molecules. The formation of flexible vesicular bilayers might prevent the aggregation of the vesicles. In addition, the increased zeta potentials of the vesicles in the presence of cholesterol probably also played a role in enhancing the vesicle physical stability. As a whole, the inclusion of cholesterol in the HTMA-DS/ DXDAB catanionic vesicles induced a spacing effect on the vesicular bilayers, leading to a reduction of counterion binding onto the vesicle surfaces and an enhanced charge character of the vesicles. Moreover, the presence of alkyl side-chain of cholesterol together with exposed front segments of the hydrocarbon chains could result in disordered molecular packing and thus flexible bilayers. Both of the spacing effect and disordering effect of cholesterol on the vesicular bilayers, which were helpful for improving the physical stability of the vesicles, were more pronounced with increasing the hydrocarbon chain length of DXDAB. This led to a more pronounced stability enhancement effect on the vesicles composed of HTMA-DS/DODAB than on the vesicles composed of HTMA-DS/DTDAB. Obviously, the addition of cholesterol into the vesicular bilayers of HTMA-DS/DXDAB not only increases the inter-vesicular electrostatic repulsion but also adjusts the intra-vesicular molecular packing. As a result, the physical stability of the mixed HTMA-DS/DXDAB vesicles could be enhanced by the presence of cholesterol.
CONCLUSION
In this study, the effects of cholesterol on improving the physical stability of catanionic vesicles composed of ion pair amphiphile IPA, HTMA-DS and double-chained cat- ionic surfactant DXDAB with different alkyl chain lengths were investigated. The influence of DXDAB chain length on the cholesterol-enhanced physical stability of the catanionic vesicles was also explored. The results indicated that with the addition of cholesterol into the mixed HTMA-DS/ DXDAB vesicles or with increasing the DXDAB content in the presence of a proper amount of cholesterol, the physical stability of the vesicles could be enhanced. This was attributed to the spacing and disordering effects of cholesterol on the molecular packing of the vesicular bilayers. The presence of cholesterol would separate the charged headgroups of the vesicle-forming molecules and reduce the counterion binding tendency at the charged vesicle surfaces, resulting in a more pronounced charge character of the catanionic vesicles. Furthermore, the inclusion of cholesterol could induce a more disordered molecular packing of the vesicular bilayers. This may improve the flexibility of the vesicular bilayers and assist the formation of stable vesicles. Therefore the physical stability of the vesicles was generally enhanced by adding cholesterol.
With increasing the hydrocarbon chain length of DXDAB, the effects of cholesterol on charge character and molecular packing of the vesicles became pronounced probably because the cholesterol located toward the middle of the bilayers. This led to a more pronounced stability enhancement effect on the vesicles composed of HTMA-DS/DODAB than on the vesicles composed of HTMA-DS/DTDAB. Apparently, the presence of cholesterol in the vesicular bilayers not only adjusted the intra-vesicular molecular packing but also enhanced the inter-vesicular electrostatic repulsion, resulting in improved physical stability for the catanionic vesicles composed of IPA HTMA-DS and doublechained cationic surfactant DXDAB .
SUPPLEMENTARY MATERIAL
Additional information is provided for the ν a -CH 2 wavenumber, phase transition temperature, and time-dependent size distribution of the vesicles. This material is available free of charge via the Internet at http://dx.doi.org/ jos.66.10.5650/jos.ess.18008
